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ABSTRACT OF THESIS

FATE OF STABLE ISOTOPE LABEL DURING PREDATION OF 15N-TAGGED
WILD-TYPE ESCHERICHIA COLI BY PROTOZOA
Currently, bacterial movement in karst aquifers is not well understood. Use of
stable isotopes to label non-pathogenic Escherichia coli as a particulate groundwater
tracer in karst systems has been examined in previous studies. Loss of the stable isotope
signal is anticipated in traces greater than 500 m in length. Potential loss of 15N due to
predation by protozoa was examined. Filter-sterilized water from Royal Spring in
Georgetown, Kentucky, was inoculated with a mixture of either Tetrahymena pyriformis
or Colpoda steinii and 15N-enriched E. coli and stored in the dark at 14°C. Samples were
analyzed for their nitrogen isotope composition (as δ15N values), and for population
counts of bacteria and protozoa in a time course experiment, on days zero and seven after
inoculation. Protozoan populations increased in the presence of E. coli, while bacterial
populations decreased. δ15N values increased in T. pyriformis fed enriched E. coli but did
not show values as high as the bacteria themselves, indicating that attenuation via
predation may be a concern in future groundwater traces.
KEYWORDS: Escherichia coli, Tetrahymena pyriformis, Colpoda steinii, stable
isotopes, karst
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CHAPTER 1: INTRODUCTION
1.1 Introduction and justification
Water can transmit pathogens such as O157:H7 Escherichia coli (E. coli), which
is excreted through the feces of its main reservoir of ruminants. Other pathogens such as
enterohemorrhagic E. coli can be transmitted via water from humans or ruminants, posing
a health risk to both humans and animals. Pathogens are one of the leading causes of
surface-water contamination (Surbeck et al. 2010). In 2002, Kentucky reported two cases
of O157:H7 that had been transmitted from untreated groundwater (Muniesa et al. 2006).
Transmission of pathogens from person to person (or animal to person) via fecally
contaminated water is termed waterborne transmission. Pathogens may be considered
water-washed if there is an insufficient quantity of water for personal hygiene.
Waterborne and water-washed pathogens can cause a variety of health problems,
including diarrhea, dysentery, hemolytic-uremic syndrome, urinary tract infections, eye
infections, and abscesses in the brain and lungs, among other problems (Donnenberg
2002; Percival et al. 2004).
Royal Spring, which drains the Cane Run watershed in Scott and Fayette counties
in central Kentucky, is prone to contamination. The Cane Run watershed includes both
urban and rural land use. According to the Georgetown Municipal Water and Sewer
Service (2011), Royal Spring is described as groundwater that is under the direct
influence of surface water. The site is also susceptible to a moderate risk of
contamination from runoff. Contaminants from both urban and rural areas directly
influence water quality at Royal Spring, as there is little or no filtration in this karst
system.
Contaminants of concern in the Royal Spring aquifer include pathogens; however,
bacterial transport in karst is not well understood. Traditional groundwater tracers such as
dyes or microspheres do not exhibit the same properties and surface chemistry as bacteria
and microorganisms. Ward (2008) and Warden (2010) have examined the use of 15Ntagged Escherichia coli (E. coli) as a tracer in karst aquifers. Few other environmental
studies have used isotope-labeled microorganisms in aquatic systems (exceptions include
Koton-Czarnecka and Chrόst [2002] and Holben and Ostrom [2000]). The proof-ofconcept tracer test conducted by Ward (2008) spanned a relatively short distance of 500
m in a simple karst system. Warden (2010) showed that the 15N signal in tagged E. coli
remained viable for at least 130 days in laboratory batch experiments. Traces conducted
along longer, more complex flow paths may exhibit greater loss of the stable isotope
signal than seen by Ward (2008). A portion of this loss may be attributed to predation of
the bacteria. This aspect of signal loss was examined to help anticipate signal attenuation
in future traces within the Cane Run watershed.
1.2 Hypothesis and approach
To evaluate the transport of bacteria in the Cane Run basin, a tracer test involving
isotopically-labeled, indigenous, non-pathogenic E. coli is of interest. Loss of the isotopic
signal is expected along the ~10 km flow path from the anticipated injection site at the
Kentucky Horse Park to Royal Spring. A portion of this loss may be attributed to
predation of E. coli by protozoa. It is hypothesized that protozoa feeding on 15N-enriched
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E. coli will assimilate a portion of the 15N signal into their biomass, resulting in 15N
enrichment relative to background values for protozoa. This may result in attenuation of
the signal arriving at Royal Spring.
1.3 Fecal indicators
Waterborne and water-washed diseases can cause a variety of health problems for
humans and animals (Table 1.1). Many of these pathogens are introduced into the water
supply via fecal material. Human fecal material in waters within the U.S. is usually a
result of faulty septic systems, straight pipes, or overflowing/leaky sanitary sewers.
Animal wastes can be introduced via runoff into streams. According to the U.S.
Environmental Protection Agency, recreational water shall not exceed 200 colonies per
100 mL in 20% of samples taken within a 30-day period for fecal coliform (FC) or 240
colonies per 100 mL for E. coli from May until November. November to May
measurements of FC shall not exceed 1000 colonies per 100 mL over a 30-day mean
based on at least five samples, and FC cannot exceed 2000 colonies per 100 mL in 20%
of samples in a 30-day period (EPA Surface 2010). Drinking water standards are stricter:
the maximum contaminant level goal of total coliforms is 0 mg/L, with no more than 5%
coliform-positive samples per month (EPA Drinking 2010).
FC concentrations can vary over time (Meays et al. 2006; Traister and Anisfeld
2006), indicating a need to sample seasonally. Traister and Anisfeld (2006) found E. coli
levels in streams were highest during summer, storm events, and early morning. They
also found that urbanized streams exhibited greater diurnal variability than those that had
not been urbanized. Storm events showed a “first flush” effect with high E. coli levels
during rising discharge. Parks and VanBriesen (2009) also reported storm events have
higher fecal contamination, which is typically associated with suspended sediment and
high turbidity (Money et al. 2009; Jamieson et al. 2005). Fecal indicator bacteria are also
associated with particulate organic matter (Surbeck et al. 2010). Beyond influencing
bacterial concentration, precipitation events also increase nitrogen concentration, with the
highest levels present in winter and early spring (Herbert et al. 1977).
Fecal indicator organisms are used to determine if potentially harmful bacteria are
likely to be present in water. Hach (2000) describes the characteristics of an ideal
indicator: the organism should be derived only from a fecal source in the environment;
the indicator should appear in greater numbers than the pathogen; survival should exceed
that of the pathogen; and detection of the organism should be cheap, easy, and reliable.
One type of bacteria common in feces of warm-blooded animals (Table 1.2), Escherichia
coli (E. coli), is considered to be the best indicator for fecal contamination at this time.
1.4 Escherichia coli
1.4.1 General characteristics
E. coli is a Gram-negative, rod-shaped, non-spore-forming bacterium belonging to
the Enterobacteriaceae family (Neidhardt et al. 1996). E. coli is a thermotolerant form of
coliform bacteria. Coliform bacteria ferment lactose to acid and gas within 48 hours at a
temperature of 36°C. Being thermotolerant, E. coli can ferment lactose within 48 hours at
a temperature of 44.5°C.
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E. coli can be found in soil and water, but is most common in the intestinal tracts
of warm-blooded animals. Most E. coli are non-pathogenic, but some do contain
virulence factors. These factors can be matched with various combinations of E. coli O,
H, and K antigens, which are associated with somatic, flagellar, and envelope/capsular
locations, respectively. Virulent strains of E. coli can also be grouped as follows:
enteropathogenic (EPEC), enterotoxigenic (ETEC), enterohaemorrhagic (EHEC),
enteroinvasive (EIEC), and enteroaggregative (EAEC), depending on bacterial interaction
with the host’s cells.
1.4.2 Nitrogen utilization
E. coli require a variety of nutrients for growth and reproduction. These include
glucose, NH4+, Mn2+, Mg2+, Fe2+, K+, Cl-, SO42-, and PO43- (Moat et al. 2002). Nitrogen is
essential for the production of amino acids and nucleic acids in all organisms. Multiple
forms of nitrogen are present in aquatic environments, including ammonium, nitrate,
nitrite, and organic nitrogen (Herbert et al. 1977), of which ammonium is the
predominant form (Brown and Johnson 1977).
The preferred nitrogen source of E. coli is ammonium sulfate (Bettelheim 1994);
however, nitrite and nitrate can also be used as the sole source of nitrogen under
anaerobic conditions (Stewart 1988). Ammonia assimilation produces glutamine and
alanine through various metabolic pathways (GOGAT, glutamate dehydrogenase,
glutamine synthetase) (Fig. 1.1). These amino acids provide nitrogen for nucleotides,
other amino acids, enzymes, and other N-bearing molecules within the cell (Neidhardt et
al. 1996; Chan 2003).
1.4.3 Bacterial survival
Survival times vary for E. coli in the environment. Personné et al. (1998) lists
times of 8-12 hours for river or well water and up to several months in soils. Banning et
al. (2002) found that E. coli survived for 82 days in sterilized groundwater. Warden
(2010) showed that E. coli tagged with 15N remained viable in sterilized spring water for
at least 130 days at 14°C. Craig et al. (2004) found a higher survival rate in sediments
containing high proportions of nutrients and clay as compared to sandy sediment. The
greatest rate of bacterial decay was seen with low organic content and larger sediment
size. Similarly, Surbeck et al. (2010) found that dissolved organic carbon (DOC) and
phosphorous influence the survival of fecal indicator bacteria, with concentrations below
7 and 0.07 mg/L, respectively, resulting in decay over time. E. coli populations are also a
function of temperature, with populations decreasing more rapidly with increasing
temperatures (Craig et al. 2004; Wcisło and Chrόst 2000).
Mortality of E. coli is a result of exposure to multiple environmental factors,
including predation. George et al. (2001) attributed 47 to 99% of coliform mortality in the
Seine River to predation. Zhang et al. (2001) inferred that losses of bacteria injected into
a sandy aquifer on the Eastern Shore of Virginia resulted from predation by flagellates.
Craig et al. (2004) found that in a natural environment E. coli remained in a culturable
state for more than 260 days, but the presence of predators decreased the population of
bacteria by 2 log units within 2.5 days. At a spring and stream in the Ozark region of
Arkansas, Davis et al. (2005) observed a die-off of 4 to 5 log units over 75 days. Bacteria
can enter states where they remain viable, yet are nonculturable (Holben and Ostrom
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2000), thus culture techniques may underestimate the number of viable bacteria (Banning
et al. 2002).
1.5 Protozoa as predators
1.5.1 General characteristics
Protozoa are widely distributed around the globe, with physiological and
morphological diversity. They can be found in all aquatic environments and have become
an important consideration in sanitation practices. Protozoa are a significant component
of microbial ecosystems in aquifers, acting as predators of bacteria and other
microorganisms, reducing bacterial populations and keeping them in a state of
physiological youth (Curds 1977). Within aquatic environments, bacteria may be the sole
nutrient source for protists (Drake and Tsuchiya 1977).
Protists are classified by their morphology, with particular focus on locomotion.
Poindexter (1971) describes four major groups of protozoa: Mastigophora, Sarcodina,
Sporozoa, and Ciliophora. Although flagellates (Mastigophora) are the most prominent
protist within aquifers, ciliates and amoebae are also present (Novarino et al. 1997). In
wastewater treatment, ciliates are the predominant protozoa in activated sludge (Van der
Drift et al. 1977).
Ciliates are filter feeders, generally capturing particles of sizes between 0.3 and
1.5 μm while generating currents from 10-20 μm/sec (Fenchel 1987) up to 1 mm/sec
(Sleigh 1989). On average, grazing rates range from 2  105 to 10  105 cells/ml/hr
(Koron-Czaeneck and Chrόst 2002). Food is captured in the buccal cavity and then
encapsulated in a food vacuole. Larger particles are encapsulated in a phagocytic vacuole,
while dissolved molecules are encapsulated in pinocytotic vacuoles. Lysosomal enzymes
and hydrolase enzymes digest organic molecules, which are absorbed or removed through
micropinocytosis, and waste is excreted through the cytoproct. In the case of
Tetrahymena pyriformis, a food vacuole lasts approximately two hours (Fenchel 1987;
Sleigh 1989). In aquatic systems, bacteria are the primary nutrient source for ciliates
(Drake and Tsuchiya 1977), with the best growth exhibited on a diet of Gram-negative
rods (Curds 1977). Bacterial concentrations of approximately 106 to 107 per mL can be
responsible for half of the maximum growth rates for ciliates within the Tetrahymena and
Colpoda genera (Drake and Tsuchiya 1976). Nutrition requirements are speciesdependent. However, phosphorus tends to be the limiting nutrient in freshwater systems,
consistent with the Redfield ratio of nutritional requirement for algae: C106N16P. Excess
nitrogen and phosphorus are released into the environment (Sleigh 1989). Patchiness of
resources such as bacteria relates to precipitation events (Fenchel 1987), seasonal
variability or diurnal changes (Traister and Anisfeld 2006), and the presence of organic
pollution (Novarino et al. 1997).
Protozoa reproduce asexually via fission (Poindexter 1971). Growth phases
therefore normally include doubling in volume followed by division, resulting in two
offspring that are approximately the size of the original parent. Smaller sizes are possible,
as shrinkage can occur under starvation conditions (Fenchel 1987; Sleigh 1989).
Generation time is species-dependent and ranges from two to 30 hours for ciliates
(Fenchel 1980). Some species of protists, such as Colpoda steinii, form reproductive
cysts. Although growth and reproduction depend upon the temperature of the
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environment, many protists have a wide range within which they are successful. Many
freshwater species, for instance, flourish at temperatures as low as 0°C (Sleigh 1989).
1.5.2 Tetrahymena pyriformis
Tetrahymena can be used as a representative protozoan predator, as its nutrition,
morphology, and reproduction are considered typical for its phylum. Tetrahymena
pyriformis (Fig. 1.2) is in the class Ciliata, order Holotrichia, family Tetrahymenidae
(Hill 1972). This freshwater ciliate is present in areas of plant or bacterial decomposition,
such as water contaminated by fecal material. Although dimensions are commonly listed
as 50  30 μm in the literature, sizes ranging from 25-90 μm are possible (Bick 1972),
depending on pH and nutrient conditions. Environmental tolerances include a
temperature range from 1 to 40°C, with optimal growth occurring at 29°C (Hill 1972);
pH from 7.0 to 8.9; and dissolved oxygen from 0 to 10 mg/L (Bick 1972).
Tetrahymena has been described as an indiscriminate feeder (Wolfe 1973), with
the ability to ingest 20 times its cell volume per hour (Fenchel 1980). Replication takes
approximately two and a half hours, with the G1 phase lasting 30 minutes, S phase
lasting one hour, and G2 lasting one hour (Wolfe 1973). Energy is derived from organic
molecules, with sources of carbon including acetate, lactate, carbohydrates, and amino
acids. Sources of nitrogen include ten amino acids, guanine, uracil, and cytidine (Fenchel
1987).
1.5.3 Colpoda steinii
Colpoda steinii is a ciliate that plays a prominent role in clastic aquifers, despite
the fact that flagellates are the most common protozoa found in aquifers (Novarino et al.
1997). Populations can exceed 102 per gram of dry aquifer material, especially if organic
pollution is present. Bacterial populations in aquatic sediment are in part controlled by
ciliates, even in the presence of patchy prey populations. The population of bacteria
needed to sustain ciliates can be found in sediment, and waters rich in organics (Fenchel
1980), such as waters polluted by fecal material.
Colpoda steinii is in the class Ciliata, order Trichostomatida, family Colpodidae.
C. steinii is a soil ciliate, but is found in all types of water, with a preference for those
high in bacteria counts and waters containing decaying organic material (Bick 1972).
Within soil, it is only active when the water film exceeds 30 μm (Fenchel 1987).
Dimensions of C. steinii are typically 15-60 μm (Bick 1972). Temperature tolerances
vary geographically (Darbyshire et al. 1994), ranging from 10 to 40°C (Bick 1972). C.
steinii can tolerate conditions of low dissolved oxygen, high NH4+, and pH from 4.0 to
9.5.
In the presence of high bacterial concentrations, populations readily multiply.
With generation times as short as three to four hours at 30°C, approximately 4,000 E. coli
cells are required to sustain one Colpoda (Darbyshire et al. 1994). Growth rate is limited
by ingestion and metabolism (Proper and Garver 1966). Ingestion, in turn, is limited in
part by a small buccal cavity (Fenchel 1987). However, at low bacterial concentrations,
the growth rate of Colpoda is not linear. In eight to 54 hours, 0.45 to 0.78 g protozoa are
formed per gram of bacteria, with one gram of dry-weight E. coli being equivalent to 2.5
 1012 cells (Drake and Tsuchiya 1977; Proper and Garver 1966). During reproduction,
C. steinii will form reproductive or resistant cysts (Proper and Garver 1966; Bick 1972).
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Ammonium excretion in Colpoda steinii Maupas was found to be more rapid at
15°C than at 10°C or 5°C (Darbyshire et al. 1994). Nitrogen excretion may also be
related to prey population, as cells lose approximately 30% of their nitrogen during
starvation-induced encystment prior to the synthesis of protein coats (Anderson 1988).
1.6 Stable isotope tracers
Atoms are composed of protons, neutrons, and electrons. Atoms that contain the
same number of protons but differing numbers of neutrons are known as isotopes.
Isotopes can either be stable or radiogenic, with approximately 300 stable isotopes and
1,200 radiogenic isotopes in existence. Radiogenic isotopes decay at a constant rate,
while stable isotopes do not decay. Both types of isotopes have been used to examine
various molecular pathways in the environment.
Stable isotope abundances can be expressed in delta notation, which compares the
ratio of the rare isotope to the common isotope in a sample (sa) to that of a standard (std).
For nitrogen, the international standard is air, which has a 15N/14N value of 0.0036765
(Fry 2006). Delta notation is measured in units of per mil (‰) and is calculated using the
following formula:

‰

1

.

1000

.

Due to the differential masses of isotopes, natural processes can fractionate
different stable isotopes. Biochemical pathways may also preferentially utilize particular
isotopes. Fractionation is observed in both aquatic and terrestrial environments. For
example, plants fractionate inorganic carbon and nitrogen as a result of various
biochemical pathways (Estep and Vigg 1985). Knowledge of fractionations during
preferential uptakes can help in delineating sources of nutrients and their fate in the
environment.
The nitrogen isotope composition of an animal is a function of the isotopic
composition of its diet. Enrichment usually occurs at each step as one progresses to a
higher trophic level (DeNiro and Epstein 1981; Estep and Vigg 1985). Differences in
δ15N values can also be seen between environments, as aquatic organisms tend to have
higher δ15N values than terrestrial organisms. Within the aquatic environment, organisms
attached to sediment may have higher δ15N values than motile organisms (Estep and Vigg
1985). Aquatic environments also show seasonal variation in δ15N values; for example,
fish have lower values in the winter compared to the summer (Estep and Vigg 1985).
Dietary 15N is preferentially used over 14N in animals during catabolism, which
can be seen as a +2.4 ‰ enrichment of δ15N in collagen of mice (DeNiro and Epstein
1981). Individual species can have large differences in their isotopic values, despite
similar diets (DeNiro and Epstein 1981; Estep and Vigg 1985). Species values are not
only influenced by the δ15N value of ingested food resources, but also by the δ15N values
of the material excreted. Heterotrophs preferentially excrete 14N (Nadelhoffer and Fry
1994). In terrestrial environments, the deeper the soil profile, the more positive the δ15N
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value becomes for bulk sediment, nitrate, or ammonium. Terrestrial systems have an
average δ15N value between -10 and +15‰ (Nadelhoffer and Fry 1994).
N-bearing runoff from agricultural areas can alter the nitrogen isotope
composition of ecosystems. Fertilizers containing ammonia or nitrate that originates from
atmospheric sources should be similar to ambient environmental background nitrogen
because the source of organic N in unperturbed ecosystems is generally atmospheric
nitrogen (DeNiro and Epstein 1981). Alternatively, septic tank leaks, barnyards,
cultivated fields, and septic fields within the watershed do have an effect on δ15N values
in perturbed ecosystems, as these values tend to be elevated, approaching +20‰ (Kreitler
1979; Kreitler and Browning 1983; Nadelhoffer and Fry 1994). Uncultivated fields in
Texas were found to have δ15N values of +4.9‰ (Kreitler 1979).
1.7 Karst
Major karst areas constitute approximately 15% of the contiguous United States,
with 40% of karst terrain lying east of the Mississippi (Veni et al. 2001). Karst
landscapes are characterized by sinkholes, caves, springs, and disappearing streams (Fig.
1.3). Although typically found in regions underlain by limestone, karst can originate in
other types of soluble rock such as evaporites, dolomite, and marble. The rock is
dissolved when acidic water, a typical result of water interacting with CO2 in the
atmosphere and soil, flows through fractures and other openings, dissolving bedrock and
widening void spaces into conduits and caves. In contrast to clastic aquifers, flow within
karst aquifers is turbulent instead of laminar. Groundwater in conduits can carry
suspended solids that interact with the system as a result of turbulent flow and minimal
filtration.
Turbulence can result in remobilization of various particles, including particulate
organic matter, inorganic particles, colloids, and microorganisms (Pronk et al. 2009).
Particulate and dissolved contaminants can easily be introduced into karst aquifers
through sinkholes and sinking streams. Lack of filtration and high flow rates contribute to
the ease with which contaminants can be spread. The fate of microorganisms in aquatic
environments is complicated by adhesion to sediment and particles. Settling and transport
properties of bacteria are influenced by this association (Jamieson et al. 2005). Field
studies have shown the resuspension of bacteria and sediment during storm flow in
streams (Jamieson et al. 2005), with approximately 15% of the fecal coliform sampled
associated with sediment. In particular, bacteria can be associated with suspended
sediment in karst aquifers following storms (Mahler et al. 2000; Pronk et al. 2007). Ward
(2008) found that 15N-tagged E. coli behave differently than soluble fluorescent dyes or
latex microspheres during a tracer test in a karst aquifer. He showed that in contrast to
dye, both bacteria and microspheres can emerge during subsequent storm events after
initial injection, but bacteria are flushed from the aquifer more quickly than
microspheres.
Transport and survival of microorganisms are controlled by four main factors:
climate, aquifer material, pore fluids, and the microorganism itself (Personné et al. 1998).
Bacterial adsorption is greater in the presence of higher clay content, and adsorption to
particles smaller than 60 μm is typically a result of Van der Waals forces or bacterial
excretions and appendages (Jamieson et al. 2005). This adhesion to fine particles has
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resulted in the utilization of particle-size distribution to assess potential microbial
contamination associated with rainfall events (Pronk et al. 2009).
1.8 Research area
The Cane Run watershed (Figs. 1.4, 1.5) is located in Scott and Fayette counties
in the Inner Bluegrass region of central Kentucky (Fig. 1.6). This region is an area of
14,504 km2 of primarily gently-rolling topography. Cane Run has its headwaters in
Lexington (population 296,545) and flows north to North Elkhorn Creek in Georgetown
(population 22,071) (U.S. Census Bureau 2009). Cane Run drains an area of 115.58 km2
over both urban and rural landscapes, including the Kentucky Horse Park, which was the
site of the 2010 World Equestrian Games, and the University of Kentucky Agricultural
Farm. Highways such as I-64 and I-75 traverse the watershed as well (Fig. 1.7).
The watershed is underlain by Ordovician-aged Lexington Limestone, Tyrone
Limestone, Oregon Formation, and Camp Nelson Limestone (Fig. 1.8). These formations
have been exposed by erosion as a consequence of the uplift of the Cincinnati Arch.
Groundwater flow in the Royal Spring basin is approximately parallel to the regional dip
(north-northwest, away from the Jessamine Dome [Thrailkill et al. 1982]). Within the
Cane Run watershed, water infiltrates into the karst aquifer via sinkholes and swallets.
This aquifer drains to Royal Spring, which is the primary source of drinking water for the
city of Georgetown. Pathways for groundwater flow and solute transport resemble
surface streams (i.e., from tributary conduits to a main, trunk conduit), with open-channel
flow rates of 1 km per day being common (Thrailkill et al. 1982). Researchers from the
Kentucky Geological Survey have recently located the trunk conduit beneath the
Kentucky Horse Park.
According to the Kentucky Water website (2010), 30% of homes in the watershed
have a failing septic system or none at all. Wastes from domestic, municipal, and animal
sources may release pathogenic bacteria, viruses, and other contaminants such as organic
matter and chloride into waterways. Cane Run is on the Commonwealth of Kentucky’s
303(d) list of impaired streams (Division of Water 2010). This list includes water bodies
that are impaired by one or more pollutants and do not meet one or more water quality
standards. In particular, the reaches of Cane Run on the 303(d) list show impairment via
sedimentation, organic enrichment, eutrophication (nutrients), biological indicators, and
FC. Consequently, Royal Spring is susceptible to contamination by pathogens.
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Table 1.1. Waterborne and water-washed diseases derived from fecal-oral pathways and
their health effects (altered from Mara and Feachem 2003).

Viral

Hepatitis A
Hepatitis E
Hepatitis F
Poliomyelitis
Rotaviral diarrhea
Adenoviral diarrhea
Campylobacteriosis

Bacterial

Protozoan

Cholera
Helicobacter pylori
infection
Escherichia coli infection
Salmonellosis
Typhoid
Paratyphoid
Yersiniosis
Amoebiasis
Cryptosporidiasis
Cyclospora cayetanensis
diarrhea
Enterocytozoon bienusi
diarrhea
Giardiasis
Isospora belli diarrhea
Ascariasis

Helminthic
Enterobiasis
Hymenolepiasis

Fever, nausea, abdominal pain, anorexia and
malaise, diarrhea, inflammation of liver, necrosis,
sclera icterus
Weakness, joint and muscle pain, fatigue
Vomiting, diarrhea, fever, dehydration
Inflammation of the stomach and intestines,
watery diarrhea, vomiting, fever, abdominal
cramps
Diarrhea, vomiting, fever, muscle pain, abdominal
pain, fatigue, Guillain-Barre syndrome
Profuse diarrhea, vomiting, muscle cramps
Diarrhea, peptic and duodenal ulcer
Diarrhea, hemolytic uremic syndrome
Diarrhea, fever, abdominal cramps
Fever, headache, abdominal pain, diarrhea
Fever, headache, abdominal pain, diarrhea
Fever, abdominal pain, dysentery, joint pain
Dysentery, gas, abdominal pain, fever
Diarrhea, fluid loss, fever, abdominal pain
Diarrhea, fatigue, anorexia, nausea
Diarrhea, malabsorption
Abdominal cramps, nausea, watery diarrhea, gas,
greasy stools, sulfur burps
Watery diarrhea
Persistent cough, wheezing, nausea, vomiting,
abdominal pain, diarrhea or bloody stool, weight
loss, fatigue
Itching, restlessness
Diarrhea, itching, loss of appetite, weakness
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Table 1.2. Common bacterial flora in human fecal material (Finegold et al. 1983).

Bacteria
Bacteroides
Eubacteria
Bifidobacteria
Clostridia
Lactobacilli
Ruminococci
Peptostreptococci
Propionibacteria
Actinomyces
Streptococci
Fusobacteria
Escherichia

Description
Gram-negative rods
Gram-positive rods
Gram-positive rods
Gram-positive rods
Gram-positive rods
Gram-positive cocci
Gram-positive cocci
Gram-positive rods
Gram-positive rods
Gram-positive cocci
Gram-negative rods
Gram-negative rods
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Range (log10/g dry wt.)
9.2-13.5
5.0-13.3
4.9-13.4
3.3-13.1
3.6-12.0
4.6-12.8
3.8-12.6
4.3-12.0
5.7-11.1
3.9-12.9
5.1-11.0
3.9-12.3

Figure 1.1. Ammonia assimilation and the major enzymes involved (Moat et al. 2002).
Glutamate dehydrogenases (GDH)
α-ketoglutarate + +NH4+ + NADH + H+

L-glutamate + NAD

α-ketoglutarate + NH4+ + NADPH + H+

L-glutamate + NADP

+
+

Glutamine synthase (GS)-glutamate synthase (GOGAT)
+

L-glutamate + NH4 + ATP

L-glutamine + ADP + Pi

α-ketoglutarate + L-glutamine + NADPH + H+

2 L-glutamate + NADP+

Net: α-ketoglutarate + NH4+ + ATP + NADPH + H+

+

L-glutamate + ADP + Pi + NADP
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Figure 1.2. Ex
xternal featu
ures of Tetra
ahymena pyrriformis (Hilll 1972).

12

13

Figure 1.3. Generalized block diagram of Inner Bluegrass karst (Currens 2001).
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Figure 1.4. Location of Scott and Fayette counties within central Kentucky. Scott county is located north of Fayette county.

Figure 1.5. Lo
ocation of th
he Cane Run
n watershed w
within Scottt and Fayettee counties. T
The
Royal
R
Spring groundwateer basin is ou
utlined in redd. Conduit fl
flow within tthe karst basin is
in
ndicated by the
t bold bluee lines.
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Figure 1.6. Physiographic diagram of Kentucky showing the location of the Inner Bluegrass Region (Kentucky Geological
Survey 2006).

Figure 1.7. Saatellite imag
ge showing urban
u
and rurral land usess within the Cane Run
watershed
w
(W
Warden 2010).
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Figure 1.8. Sttratigraphic column of Lexington
L
Limestone in central Kenttucky (Cleppper
2011).
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CHAPTER 2: METHODS
2.1 Method summary
A range-finding experiment was conducted to determine the concentrations of
organisms needed to obtain appropriate voltages on the mass spectrometer. Various
volumes of each organism were filtered under vacuum onto glass-fiber filters, which
were weighed, packaged in tin capsules, and analyzed. The information from this
calibration was used to design the experimental set-up.
For experimental set-up, 500 mL of filter-sterilized Royal Spring water was
dispensed into Erlenmeyer flasks capped with cotton plugs. For trial one, triplicates were
prepared of the following conditions: Royal Spring water only, 15N-enriched E. coli only,
Tetrahymena only, Colpoda only, Tetrahymena fed 15N-enriched E. coli, and Colpoda
fed 15N-enriched E. coli. For trial two, triplicates were made of the following conditions:
Royal Spring water only, 15N-enriched E. coli only, non-enriched E. coli only,
Tetrahymena fed non-enriched E. coli, Colpoda fed non-enriched E. coli, Tetrahymena
fed 15N-enriched E. coli, and Colpoda fed 15N-enriched E. coli. Flasks were stored in a
dark wine chiller at approximately 14°C. Samples were taken at 0, 4, and 7 days. For
each sample, 100 mL was filtered through glass-fiber filters with pore sizes of 2.7 μm and
0.7 μm. Filters were dried in an oven at 40°C for 12-24 hours prior to loading into tin
capsules and analyzed on an isotope-ratio mass spectrometer. Because of initial
contamination of 15N during trial one, steps were taken to analyze the source of
contamination prior to conducting trial two.
2.2 Maintenance of protozoan cultures
Tetrahymena pyriformis (Fig. 2.1) was obtained from Carolina Biological Supply
and arrived in tubes of proteose media. Upon arrival, cultures were aerated and fresh
medium was created. Tetrahymena medium was prepared by mixing 5.0 g proteose
peptone, 5.0 g tryptone, and 0.2 g K2HPO4 in 1.0 L deionized (DI) water before
autoclaving. To maintain a healthy culture, transfers were made every couple of days. For
each transfer, 5 mL of media was dispensed into a test tube and approximately 1 mL of
Tetrahymena was transferred from the previous culture. Tubes were capped loosely to
allow gas exchange and stored in the dark at room temperature.
Colpoda steinii Maupas (ATCC® 30920) (Fig. 2.2) was established from frozen
culture and kept in T-25 tissue culture flasks with a media of equal parts Cerophyll and
DI water. Aliquots of log-phase E. coli were injected into the flasks as prey.
Approximately once a week, subcultures were taken. A sterile inoculation loop was used
to transfer organisms during subculturing. Flask lids were capped loosely to allow for gas
exchange. As with T. pyriformis, flasks were stored in the dark at room temperature.
2.3 Enrichment of wild-type E. coli with 15N
E. coli used by Warden (2010) was extracted from the freezer and a small core
was taken using a broken serological pipette. 100 mL of Bacto tryptic soy broth was
inoculated with this small core of wild-type E. coli and grown to log-phase mass growth
for 24 hours at 37°C on a shaker table.
An M9 media enriched in 15N was created by mixing 18.00 g Na2HPO4, 9.00 g
KH2PO4, 1.51 g NaCl, 0.003 g 15NH4SO4 (98% atomic 15N), 2.997 g NH4SO4, and DI
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water to make 2 L. A second part of the media was created by mixing 30 mL glucose, 6
mL MgSO4, 0.332 mg CaCl2, and 963.7 mL DI water to make 1 L. Both portions of the
media were autoclaved for 20 minutes and after cooling, were mixed to form 3 L of 15Nenriched M9 media. This media was dispensed into bottles as 250 mL aliquots. Each
bottle was inoculated with 2 mL of log-phase tryptic soy broth mass growth. Inoculated
media was incubated for 24 hours at 37°C on a shaker table to establish log phase of mass
growth.
Mass growth cells were separated from the supernatant by centrifuging for 6
minutes at 3500 g in a Thermo Scientific Sorvall Legend RT+ Centrifuge. Supernatant
was discarded. Cells were rinsed with sterilized Royal Spring water and centrifuged a
second time. These rinsed cells were resuspended in sterilized Royal Spring water.
2.4 Sampling procedures
Water was collected at Royal Spring (Fig. 2.3 and 2.4) during the morning of
December 7, 2010, using a peristaltic pump and a filter manifold. Water temperature was
12.7°C with a pH reading of 6.21. Electrical conductivity was 0.774 mS/cm. The
filtration system was allowed to flush for 30 minutes before sampling began. Water was
filter-sterilized using a cellulose acetate filter of 0.22 μm pore size, with filters being
replaced for every 6 L of water collected. Samples were put on ice and transported to the
Environmental Research Training Laboratory (ERTL), where they were stored at 4°C
until use.
A range-finding experiment was conducted on January 12, 2011, to determine
how much material needed to be filtered to produce usable mass spectrometer readings.
Prior to filtration of samples, filters were ashed in a furnace at 550°C to remove any
residual nitrogen that may have been present from manufacturing or shipping. Serological
techniques were used to filter protozoa from their respective media under vacuum onto
Whatman Grade GF/D glass-fiber filters, which have a pore size of 2.7 μm. T. pyriformis
was filtered in samples of 10 mL, 5 mL, 1 mL, 10-1 mL, 10-2 mL, and 10-3 mL. C. steinii
was filtered in samples of 5 mL, 1 mL, 10-1 mL, 10-2 mL, and 10-3 mL. Filters were folded
in half and placed in aluminum foil packets, which were taken to the hydrogeology
laboratory in Slone Research Building for drying. Packets were opened so that the filters
were exposed, and dried in an oven at 40°C for 12 to 24 hours. Packets were then closed
and taken to the stable isotope laboratory, where they were weighed and packaged into
910 mm tin capsules. Capsules were combusted at 980°C in an elemental analyzer
(EA) and the resulting gas was reduced to convert NxO and NOx compounds to N2. The
resulting gas mixture (CO2, N2, and H2O) was passed through a gas chromatograph for
the separation and analysis of N2, using an isotope ratio mass spectrometer (IRMS). The
percentage of N in a sample was determined from the mass spectrometer response and
calibrated using a standard of acetanilide (ACE) (Table 2.1). Samples were also
compared to an in-house reference of dogfish protein (DORM 3) to calibrate the samples
to an international standard for the determination of δ15N values. Information about
sample mass and voltage readings obtained from this range-finding experiment were used
to design the experimental set-up for trials one and two.
Royal Spring water was resampled on February 15, 2011, refrigerated, and
autoclaved to assure sterility. C. steinii and T. pyriformis were centrifuged out of their
media for 4 minutes at 2,500 g in a Thermo Scientific Sorvall Legend RT+ Centrifuge
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and resuspended in sterile Royal Spring water. 500 mL of autoclaved water was
measured in a graduated cylinder and placed in Erlenmeyer flasks. Triplicates were made
of each of the following conditions: sterile Royal Spring water only, 15N-enriched E. coli
only, T. pyriformis only, C. steinii only, T. pyriformis fed 15N-enriched E. coli, and C.
steinii fed 15N-enriched E. coli. 33 mL of C. steinii and 5 mL of T. pyriformis were added
to the appropriate flask, with populations of approximately 64,000 and 85,000 cells/mL,
respectively. Four mL of 15N-enriched E. coli was added to the appropriate flasks at t=0
and samples were taken. Flasks were plugged with cotton to allow gas exchange and
flasks were placed in a dark wine chiller set at 14°C to simulate karst conditions.
Flasks were removed from the wine chiller just prior to sampling. To ensure
homogeneity, samples were mixed by pipetting multiple times. 100 mL of the sample
was filtered through a pre-ashed, weighed glass-fiber filter under vacuum. Filters of 0.7
μm pore size were used to capture bacteria, while 2.7 μm filters were used to capture
protozoa. If a sample contained a mixture of organisms, the filtrate was captured after
passing through a 2.7 μm filter and was then passed through a 0.7 μm filter. Filters were
packaged, dried, and analyzed following the same procedure used during the calibration
run in December.
Because initial results showed cross-contamination of 15N, steps were taken to
assess the origin of contamination. The following possibilities were analyzed: blank
filters, volatilization within the drying oven, the filtration apparatus, gloves, the
autoclave, and the EA and IRMS. Results indicated that one autoclave had become
contaminated with 15N, which was passed on to the filter-sterilized water.
A second trial of feeding enriched bacteria to protozoa was conducted after
determining the source of the 15N contamination. Filter-sterilized water was collected
from Royal Spring on March 11, 2011, and transported back to ERTL on ice. Water was
stored in the dark at 4°C until use. All glassware was thoroughly cleaned with Alconox
and autoclaved (in the autoclave that was not contaminated by 15N) to assure sterility. 500
mL of filter-sterilized water was measured in a graduated cylinder and placed in
Erlenmeyer flasks. Triplicates were made of each of the following conditions: sterile
Royal Spring water only, 15N-enriched E. coli only, T. pyriformis fed non-enriched E.
coli, C. steinii fed non-enriched E. coli, T. pyriformis fed 15N-enriched E. coli, and C.
steinii fed 15N-enriched E. coli. Because control conditions of protozoa were provided
non-enriched E. coli to keep them alive, triplicates were also made of natural E. coli in
250 mL quantities. 15 mL quantities of each protozoa were used, with concentrations of
546,700 cells/mL of T. pyriformis and 100,000 cells/mL of C. steinii. IDEXX was used to
obtain a most probable number (MPN) for E. coli enumeration. A serial dilution was
made and Colilert® snap packs were added to each dilution. Each dilution was poured
into a Quanti-Tray/2000 and run through a Quanti-Tray sealer. Trays were incubated at
35°C for 24 hours. Yellow cells and cells that fluoresce under long-wave UV light were
counted to obtain the MPN. IDEXX results derived an MPN of 1.553  1011 cells/mL for
the natural E. coli and 4.11 1010 cells/mL for 15N-enriched E. coli. 7 mL of E. coli were
added to the appropriate flasks. Filtration and analytical methods were the same as
procedures used in the calibration and first trial.
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2.5 Summary of controls
Multiple controls were used within this experimental design. Sterilized Royal
Spring water acted as a negative control. Because of the low amount of N in the ambient
spring water, 2 L of the remaining water was used to obtain one reliable background
value. This water was not stored in the wine chiller with the other samples, but had been
stored at 4°C in the dark since collection.
Positive controls included the flasks of natural E. coli only, 15N-enriched E. coli
only, T. pyriformis and natural E. coli, and C. steinii and natural E. coli. In the first trial,
substantial die-off of protozoa occurred in flasks without prey within four days. Because
a comparison needed to be made to feeding protozoa, controls were constructed to use
non-enriched E. coli. Non-enriched (natural) E. coli was sampled at t=0 and t=7 days.
Additional controls were also included. Blank filters were placed in the oven with
samples during drying to assess any possible contamination during the drying process.
Blank tin cups were also analyzed to check for contamination.
2.6 Statistical analysis
Statistical Analysis System (SAS) was used to analyze linear mixed models of
isotope data at time zero and one week. Individual t-tests were also performed using both
SAS and the data analysis tool in Microsoft Excel. For this study, a p value of ≤ 0.05 is
considered significant.
The linear mixed model examined all data collected utilizing an unconstructed
covariance matrix. The linear mixed model analysis allows for more lenience with
missing values than other methods such as ANOVA. This analysis also takes into
consideration a continuous response variable.
Individual t-tests were performed to compare isotope values both between groups
(organisms) and between times (zero and seven days). Variances were tested in
conjunction with t-tests in order to select the appropriate method. For the SAS program,
equal variances resulted in use of the Pooled method, while unequal variances resulted in
the use of the Satterthwaite method. Individual p values indicated whether groups were
significantly different from one another or whether δ15N values were significantly
different for an organism from day zero and day seven.
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Table 2.1. Isotope data from December calibration. C. steinii A was sampled from culture
flasks that used 3 inoculation loops of protozoa during transfers. C. steinii B was sampled
from culture flasks that used only 1 inoculation loop of protozoa during transfer.

Sample
ACE
ACE
ACE
C. steinii A 5 mL
C. steinii B 5 mL
T. pyriformis 1 mL
T. pyriformis 5 mL
T. pyriformis 10 mL

Mass
(mg)
1.106
1.079
1.148
2.6042
0.5492
2.8452
3.1772
8.1262

Ampl. 28 (mV)
5093
4951
5010
3157
1044
2469
2115
2584
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δ15N (‰ vs. air)
‐0.5
‐0.6
‐0.4
5.9
19.1
6.6
8.7
5.1

δ13C (‰ vs. PDB)
‐30.4
‐30.3
‐30.3
‐25.5
‐24.6
‐21.4
‐24.5
‐24.5

Figure 2.1. Teetrahymena pyriformis as
a viewed onn a gridded counting chaamber.

50 μm
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Figure 2.2. Colpoda stein
nii (Maupas) as viewed oon a gridded counting chhamber.

10 μm

25

Figure 2.3. Royal Spring impoundmeent on Decem
mber 7, 20100.
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Figure 2.4. View downstrream from Royal
R
Springg on Decembber 7, 2010.
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CHAPTER 3: RESULTS AND DISCUSSION
3.1 Cross-contamination by 15N
The first trial conducted in February resulted in extremely high δ15N values for all
samples (Table 3.1; Figures 3.1, 3.2), indicating cross-contamination of nitrogen. Values
for filter-sterilized and autoclaved water showed the most extreme values, most likely
due to the fact that there was little ambient nitrogen to dilute the effect of the spike.
Organisms showed a less drastic effect, as they contain significantly more N (by weight),
resulting in lower δ15N values.
Attempts were made to determine the source of the contamination before
proceeding with a second trial. Tests included examination of possible contamination of
15
N during methods performed at ERTL and within the stable isotope lab. Within ERTL,
possible sources of contamination that were explored included the filtration apparatus,
nitrile gloves, cotton plugs in the flasks, and the autoclave. The filtration apparatus was
exposed to different treatment processes to assess which treatment needed to be used to
eliminate contamination for a subsequent trial. Enriched bacteria were filtered between
each treatment, which included autoclaving the filter device, washing it with Dial soap
and rinsing it with DI water, washing it with 1% Alconox followed by rinsing with DI,
and a 5 minute soak in 1% Alconox and rinsing with DI (Table 3.2). None of these tests
appeared to allow cross-contamination of 15N between samples. The nitrile gloves used
during the experiment and the cotton used to plug the flasks were tested and did not
appear to be the source of contamination. However, after swabbing the autoclaves with
cotton pads, swabs from one of the two autoclaves had a δ15N value of ~ +450‰,
suggesting that enriched media may have splashed out of the bottle during autoclaving,
and may have been transferred to all materials placed in the autoclave thereafter. This
hypothesis is supported by the fact that the δ15N values obtained for samples analyzed
during calibration runs in December were closer to expected background levels than runs
after autoclaving the water (Figure 3.3).
Other steps throughout the method were examined for potential sources of
nitrogen contamination. The drying process within the hydrogeology lab was examined to
determine if nitrogen was volatilizing within the oven during the drying process. Filters
with enriched E. coli were placed in the oven with blank filters to determine if the filters
trapped any 15N. Variables in filter placement included both the upper and lower racks
within the oven, as well as the proximity of enriched filters to blank filters. No crosscontamination was evident from these trials (Table 3.3).
Within the isotope lab, the possibility of incomplete combustion within reaction
tubes and potential IRMS contamination was evaluated. Incomplete combustion of
samples within the EA was considered because of the large size of the packed capsules.
This did not appear to be an issue, as the reaction tubes were changed frequently and
samples were loaded in order from least to most enriched with respect to 15N. Due to the
low voltages associated with samples of sterilized Royal Spring water, samples of
standards at relatively low mass were analyzed and they showed no evidence of
contamination (Table 3.4).
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3.2 Protozoan and E. coli populations
Protozoan populations were calculated based on counts using a gridded counting
chamber (hemocytometer) with an inverted microscope. T. pyriformis populations for the
second trial started at 546,700 cells/mL. C. steinii populations were estimated at 100,000
cells/mL. Because 15 mL was used for inoculation, approximately 8.20  106 cells of T.
pyriformis and 1.50  106 cells of C. steinii were introduced to each flask. Considering
the dilution factor of the Royal Spring water and fluid with the organisms, populations
within the flask started at approximately 1.57  104 cells/mL and 2.87 x 103 cells/mL,
respectively.
Initial E. coli populations were examined using the MPN derived from IDEXX.
Non-enriched E. coli started with a population of 1.08  1012 cells/mL. 15N-enriched E.
coli started with a concentration of 2.87  1011 cells/mL. Seven mL of E. coli was added
to each flask, resulting in starting concentrations of approximately 2.14  109 nonenriched cells/mL and 5.67  108 enriched cells/mL.
Populations of both protozoa and E. coli showed changes seven days after
inoculation (Table 3.5). E. coli populations decreased in the presence of a predator over
seven days, while protozoa populations increased, supporting the hypothesis that these
predators were feeding on bacteria. Control groups of E. coli stayed fairly constant,
indicating that population decrease was a result of predation. It should be noted that
almost all C. steinii were in an encysted form during enumeration on day seven. During
enumeration, these protozoa were very difficult to find in an excysted form.
3.3 15N signal within predators
Delta values from trial 2 more closely resembled expected values for samples
taken at initial mixing and seven days than did values from trial 1 (Table 3.6, Figure 3.4).
All samples that produced < 800 mV were discarded as inaccurate. The discarded values
included samples of enriched bacteria used as prey on day seven.
Simultaneous examination of all data using the linear mixed model in SAS
showed that there was not a significant difference in δ15N values for all organisms
collectively from time zero to seven days (p = 0.2820), but group (type of organism) was
significant. Although time was not significant for all organisms collectively, individual
examination of groups using t-tests showed differences between time zero and seven
days.
Within the E. coli control groups, the δ15N value of non-enriched E. coli was
significantly different from 15N-enriched E. coli for the duration of the trial. Nonenriched E. coli had an average δ15N value of 10.9‰ for the duration of the trial, while
enriched E. coli had an average of 700‰. In addition, the isotope signal of 15N-enriched
E. coli did not change significantly during the trial (p = 0.2285), with averages of 750‰
and 700‰ for times zero and seven days, respectively.
T. pyriformis fed enriched E. coli displayed a significant increase in δ15N value (p
= 0.0010) over the seven day trial, increasing from 90 to 200‰. This was significantly
different from the control group of T. pyriformis fed non-enriched E. coli (p = 0.0019),
which had δ15N values of 22.9 to 23.4‰. Isotope data combined with population data for
this protozoa and its bacterial prey indicate that the protozoa were feeding on the
bacteria, and nitrogen from the prey was assimilated into the protozoan biomass. At time
zero, T. pyriformis fed enriched E. coli had higher than expected δ15N values. This
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elevated value at time zero was also seen in samples of C. steinii fed enriched bacteria.
Elevated δ15N values of the experimental protozoa at t=0 is likely a result of adhesion of
enriched bacteria to the filter or to the protozoa themselves, a result of not rinsing the
filter thoroughly. This adhesion to the filters can clearly be seen when compared to nonenriched E.coli (Figure 3.4). Only a few molecules of 15N can quickly elevate the δ15N
value because there is little 15N present in nature compared to 14N. Because the method
for rinsing filters remained consistent between samplings, this should not alter the overall
results from trial two.
A significant difference was observed between C. steinii fed non-enriched E. coli
and C. steinii fed 15N-enriched E. coli (p = 0.001), which had δ15N values of 25.5 and
120.2‰, respectively. Although C. steinii fed enriched bacteria did show an increase in
δ15N value from time zero (average of 114.8‰) to seven days (average of 120.2 ‰), this
increase was not statistically significant (p = 0.8252). This could be a result of the
temperature and nutritional stresses endured in the karst simulation. During enumeration,
most C. steinii were in an encysted form, indicating organisms were stressed from
environmental conditions. As a result, these organisms likely did not readily feed and
reproduce, and thus did not incorporate large quantities of the 15N signal into their
biomass.
3.4 Discussion of results
This study agrees with the results of Warden (2010) in that 15N-enriched E. coli
remain viable under simulated karst conditions for at least one week. This tracer is
predicted to do well in a trace of Royal Spring in the sense that these bacteria will remain
viable for the length of time needed to examine multiple storm flow events. However,
depending upon the concentration of bacteria injected during a trace and the
concentration of predators, the mass of isotopically-labeled bacteria may decrease to the
point where the 15N signal is no longer detectable on the IRMS.
Predation of the enriched bacteria and assimilation of the 15N signal add to the
complex nature of transport within a karst aquifer. Because the signal is assimilated into
predators, interpretations of bacterial movement within a karst aquifer are likely to
become more complicated. Enrichment through preferential use of 15N and excretion of
14
N must also be considered if the isotope signal appears weak or close to background
values. Enumeration of bacteria, and possibly protozoa, will need to be used in
conjunction with isotope signals to best understand the system. Predation and complex
interactions within the ecosystem, in addition to physiochemical phenomena such as
dispersion, sedimentation, and adsorption, may influence the “strength” of the signal. The
sizes of predators and settling/motion of these organisms need to be considered when
making interpretations about breakthrough of labeled bacteria.
3.5 Conclusions and future work
T. pyriformis, a representative of the phylum Protozoa, became enriched in 15N
from preying on 15N-enriched E. coli. Although this enrichment shows a lower delta
value than the bacteria ingested, an isotope signal greater than natural background was
still present. A delta value lower than the prey (bacteria) may be a result of the biology of
the organism and the quantity of nitrogen present prior to ingestion of the 15N signal.
Assimilation will not be prevalent if predators experience environmental stress, as was
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the suggested case for C. steinii. Potential attenuation of 15N as a groundwater tracer will
be dependent upon the community of predators present within the karst aquifer.
Although the 15N signal from enriched E. coli was assimilated into protozoan
biomass, this should not significantly influence the ability to detect the 15N signal within
a groundwater trace, as elevated δ15N values were detected in the predators, especially
since a groundwater trace would utilize bacteria enriched with full strength 98 atomic %
15
N ammonium sulfate. However, this should be considered when looking at isotope data
and trying to calculate the number of bacteria present, as well as making interpretations
about their movement within a karst aquifer.
The potential for 15N contamination also needs to be in the forethoughts of any
investigator using this application in future tracer studies. Enumeration of bacteria and
protozoa needs to be done in conjunction with obtaining isotopic data.
Future work may consider understanding the N isotope signals derived from
various sources (i.e. nitrate, nitrite, various organic forms of N) as well as the pathways
of nitrogen assimilation (assimilation, fixation). Attention should be paid to the cellular
use of enriched nitrogen within predators, examining the specific pathway of 15N in the
cells. In particular, is enriched nitrogen incorporated primarily in amino acids or
deoxyribonucleic acid (DNA)? Quantification of assimilation of 15N among trophic levels
may also be examined within the aquatic/karst ecosystem.
The information from this study will prove helpful in future groundwater tracer
studies. 15N-labeled E. coli can be utilized in conjunction with more traditional tracers in
order to examine pathogen transport within karst aquifers. Information gained about
pathogen transport can in turn be used in contaminant evaluation, clean-up, and policy
making within the watershed.

31

Table 3.1. 15N contamination seen in samples of Trial 1.
Sample
ACE
ACE
ACE
Royal Spring water
E. coli
T. pyriformis
C. steinii
T. pyriformis fed enriched E. coli
Enriched E. coli fed to
T. pyriformis

Mass (mg)
0.982
1.105
1.097
5.367
0.149
0.02
0.034
41.115

Ampl. 28 (mV)
4807
5457
5285
253
317
782
600
592

δ 15N (‰ vs. air)
-0.5
-0.6
-0.5
1750
1250
500
600
1100

0.36

258

1350

Table 3.2. δ15N values of filters after various wash treatments of the filtration apparatus.
Sample
ACE 1
ACE 2
DI after autoclave
DI after Dial wash
DI after Alconox wash
DI after Alconox soak
E. coli 1
E. coli 2

Mass (mg)
0.84
0.786
0.204
0.147
0.064
0.036
0.415
0.085
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Amp 28
(mV)
13032
4493
399
332
537
631
1990
586

δ15N (‰ vs. air)
-1.3
-2.7
2.5
-2.7
-5.2
-6.9
650
350

Table 3.3. Trial examining the possibility of volatilization and cross-contamination
within the drying oven. Blank filters were dried in an oven at 30°C with filters containing
enriched E. coli.
Sample
ACE
ACE
Filter 1
Filter 2
Filter 3
Upper Level Filter

Mass (mg)
0.908
0.792
61.993
37.611
62.424
30.683

δ15N (‰ vs. air)
-0.4
-0.6
-1.3
2.2
-4.1
-0.4

Table 3.4. Voltages obtained for varying masses of acetanilide standard and their
resulting δ15N.
Sample
ACE1
ACE2
ACE3
ACE4
ACE5
ACEV1
ACEV2
ACEV3
ACEV4

Mass (mg)
0.852
0.217
0.058
0.029
0.019
0.456
0.010
0.014
0.085

Ampl. 28 (mV)
4375
438
299
153
99
2052
0
59
364
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δ15N (‰ vs. air)
-0.8
-0.9
-1.2
-2.1
-1.5
-1.7
0.0
21.5
-2.3

Table 3.5. Population of bacteria and protozoa for control and experimental conditions of
Trial 2 at t=0 and t=7 days.
Control Conditions
Organism
E. coli (enriched)
T. pyriformis
E. coli (non-enriched)
C. steinii
E. coli (non-enriched)

Population at t=0 (cells/mL)
5.67  108
1.57  104
2.14  109
2.87  103
2.14  109

Population at t=7 days
1.18  108
5.42  104
4.10  104
1.44  104
3.93  105

Experimental Conditions
Organism
T. pyriformis
E. coli (enriched)
C. steinii
E. coli (enriched)

Population at t=0 (cells/mL)
1.57  104
5.67  108
2.87  103
5.67  108

Population at t=7 days
4.58  104
9.70  104
2.30  104
2.06  106

Table 3.6. δ15N values for organisms in Trial 2.
Sample
Royal Spring water
Non-enriched E. coli
T. pyriformis
C. steinii
E. coli fed to T. pyriformis
E. coli fed to C. steinii
T. pyriformis fed enriched E. coli
C. steinii fed enriched E. coli
Enriched E. coli fed to T. pyriformis
Enriched E. coli fed to C. steinii
Enriched E. coli
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Avg. δ15N (‰ vs. air)
t=0 days
t=7 days
4.4
16.1
5.7
22.9
23.4
17.5
25.5
47.5
56.9
58.1
54.6
93.3
200
100
100
650
650
750
700

Figure 3.1. Efffects of con
ntamination expressed
e
inn Trial 1.

δ15N (‰ vs. air)

δ15N of Organissms With
hin Firstt Samplee
Group

35

1
Figure 3.2. δ15
N of samplles in Trial 1 three days after inoculaation. The baars indicate 22σ.
All
A samples are
a severely contaminateed; data from
m this trial caannot be used.
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1
Figure 3.3. δ15
N values ob
btained for Royal
R
Springg water priorr to autoclavving and afteer
au
utoclaving for
fo Trial 1.

δ15N (‰ vs. air)

δ15N off Royal Spring
S
W
Water in Trial 1
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Figure 3.4. Comparison of
o δ15N of saamples at zerro and sevenn days duringg the secondd trial.
Standard erro
or is shown by
b the black bars. Enrichhed E. coli iss enriched w
with 15N.
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APPENDICES
Appendix A: Isotopic data for all samples at days 0, 4, and 7

Identifier
2L Royal Spring water
Natural E. coli

T. pyriformis fed non-enriched E. coli

Non-enriched E. coli fed to T. pyriformis

C. steinii fed non-enriched E. coli

Non-enriched E. coli fed to C. steinii

T. pyriformis fed 15N-enriched E. coli

15

N-enriched E. coli fed to T. pyriformis

C. steinii fed 15N-enriched E. coli

15

N-enriched E. coli fed to C. steinii

15

N-enriched E. coli
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δ15N (‰ vs. air)
0 Days
4 Days
7 Days
4.4
17.5
5.4
14.4
5.7
16.3
6.1
21.2
17.9
12.6
23.4
38.2
47.0
24.0
13.1
10.6
47.8
49.3
33.6
53.2
60.4
100.0
41.5
81.6
37.3
10.1
21.3
21.9
18.3
26.4
24.8
32.8
28.2
67.2
74.9
37.6
46.2
61.8
54.0
60.9
72.1
100
200
200
88.8
200
200
88.0
200
150
650
250
650
600
250
100
250
93.4
100
250
100
150
250
150
650
550
650
500
650
550
750
700
700
700
700
700
700
700
700

Appendix B: Composition of microbial media and δ15N values (in parentheses)
Per liter of solution
Bacto Tryptic Soy Broth (6.9 ‰)
17.0 g pancreatic digest of casein
3.0 g enzymatic digest of soybean meal
5.0 g NaCl
2.5 g K2HPO4
2.5 g dextrose
Per 3 liters of media
N Enriched M9 Medium (350 ‰)
Part 1
18.00 g Na2HPO4
9.00 g KH2PO4
1.51 g NaCl
0.003 g 98 atomic % 15N 15NH4SO4,
2.997 g NH4SO4
2.0 L distilled water
15

Part 2
30 mL glucose
6 mL MgSO4
0.332 mg CaCl2
963.7 mL distilled water
Per liter of media
Tetrahymena Medium (6.9 ‰)
5.0 g proteose peptone
5.0 g tryptone
0.2 g K2HPO4
1.0 L distilled water
Per liter of media
Colpoda Medium (5.8 ‰)
0.5 L Cerophyll
0.5 L distilled water
Per liter of media
HACH Dilution Water
1 magnesium chloride pillow
1 potassium dihydrogen phosphate pillow
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Appendix C: Input codes used for statistical analysis using SAS
Linear Mixed Model for all data
/* importing data from excel file */
proc import out=data
datafile="F:\STA693\bacteria\bacteria.xls"
DBMS=XLS replace;
GETNAMES=YES;
mixed=yes;
run;
/* checking data was run in correctly */
proc print data=data; run;
proc contents data=data; run;
/* running a linear mixed model for full comparison */
proc mixed data=data;
class ID Group Time;
model Y = Group Time Group*Time/ddfm=kr;
repeated / subject=ID type=un;
run;
/* remove group*time variable b/c not significant */
proc mixed data=data;
class ID Group Time;
model Y = Group Time /ddfm=kr;
repeated / subject=ID type=un;
run;
Comparison of T. pyriformis and T. pyriformis fed 15N-enriched E. coli
/* typing in data for TP vs. TPE comparison */
data pro1;
input id $ group $ time $ y;
cards;
TP1 C
t0
21.24942857
TP1 C
t7
12.5502
TP2 C
t0
23.39142857
TP2 C
t7
47.0002
TP3 C
t0
24.00642857
TP3 C
t7
10.5762
TPE1 E
t0
103.1004286
TPE1 E
t7
194.2283333
TPE2 E
t0
88.82142857
TPE2 E
t7
186.0693333
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TPE3 E
TPE3 E
run;

t0
t7

87.96642857
163.9473333

/* checking data was run in correctly */
proc print data=pro1; run;
proc contents data=pro1; run;
/* t-test for control vs. enriched for TP/TPE */
proc ttest data=pro1 cochran ci=equal umpu;
class group;
var y;
run;
Comparison of t=0 and t=7 days for T. pyriformis and T. pyriformis fed 15N-enriched
E. coli
/* t-test for t0 vs. t7 for TP/TPE */
proc ttest data=pro1 cochran ci=equal umpu;
class time;
var y;
run;
/* typing in data for TPE comparison */
data tpe;
input id $ group $ time $ y;
cards;
TPE1 E
t0
103.1004286
TPE1 E
t7
194.2283333
TPE2 E
t0
88.82142857
TPE2 E
t7
186.0693333
TPE3 E
t0
87.96642857
TPE3 E
t7
163.9473333
run;
/* checking data was run in correctly */
proc print data=tpe; run;
proc contents data=tpe; run;
Comparison of t=0 and t=7 days for T. pyriformis fed 15N-enriched E. coli
/* t-test for t0 vs. t7 for TPE */
proc ttest data=tpe cochran ci=equal umpu;
class time;
var y;
run;
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Comparison of C. steinii and C. steinii fed 15N-enriched E. coli
/* typing in data for CS vs. CSE comparison */
data pro2;
input id $ group $ time $ y;
cards;
CS1 C
t0
10.10742857
CS1 C
t7
21.8652
CS2 C
t7
26.3722
CS3 C
t0
24.81342857
CS3 C
t7
28.1882
CSE1 E
t0
106.0204286
CSE1 E
t7
93.38833333
CSE2 E
t0
107.4264286
CSE2 E
t7
104.4203333
CSE3 E
t0
130.8454286
CSE3 E
t7
162.7273333
run;
/* checking data was run in correctly */
proc print data=pro2; run;
proc contents data=pro2; run;
/* t-test for control vs. enriched for CS/CSE */
proc ttest data=pro2 cochran ci=equal umpu;
class group;
var y;
run;
Comparison of t=0 and t=7 days for C. steinii and C. steinii fed 15N-enriched E. coli
/* t-test for t0 vs. t7 for CS/CSE */
proc ttest data=pro2 cochran ci=equal umpu;
class time;
var y;
run;
/* typing in data for CSE comparison */
data cse;
input id $ group $ time $ y;
cards;
CSE1 E
t0
106.0204286
CSE1 E
t7
93.38833333
CSE2 E
t0
107.4264286
CSE2 E
t7
104.4203333
CSE3 E
t0
130.8454286
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CSE3 E
run;

t7

162.7273333

/* checking data was run in correctly */
proc print data=cse; run;
proc contents data=cse; run;
Comparison of t=0 and t=7 days for C. steinii fed 15N-enriched E. coli
/* t-test for t0 vs. t7 for CSE */
proc ttest data=cse cochran ci=equal umpu;
class time;
var y;
run;
Comparison of E. coli and 15N-enriched E. coli
/* typing in data for NEC vs. EC comparison */
data ecoli;
input id $ group $ time $ y;
cards;
NEC1 C
t0
17.49742857
NEC1 C
t7
5.3952
NEC2 C
t0
14.40242857
NEC2 C
t7
5.7132
NEC3 C
t0
16.34142857
NEC3 C
t7
6.0822
EC1 E
t0
757.0024286
EC1 E
t7
695.9193333
EC2 E
t0
718.7244286
EC2 E
t7
707.7243333
EC3 E
t0
721.7224286
EC3 E
t7
709.2003333
run;
/* checking data was run in correctly */
proc print data=ecoli; run;
proc contents data=ecoli; run;
/* t-test for control vs. enriched for NEC/EC */
proc ttest data=ecoli cochran ci=equal umpu;
class group;
var y;
run;
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Comparison of t=0 and t=7 days for E. coli and 15N-enriched E. coli
/* t-test for t0 vs. t7 for NEC/EC */
proc ttest data=ecoli cochran ci=equal umpu;
class time;
var y;
run;
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Appendix D: SAS Output
The SAS System
08:15 Friday, May 6, 2011 8
The Mixed Procedure
Iteration History
Iteration

Evaluations -2 Res Log Like

3

1

512.99344486

Convergence criteria met.
Covariance Parameter Estimates
Cov Parm Subject
UN(1,1)
UN(2,1)
UN(2,2)

Estimate

ID
ID
ID

36744
32163
29001

Fit Statistics
-2 Res Log Likelihood
AIC (smaller is better)
AICC (smaller is better)
BIC (smaller is better)

513.0
519.0
519.6
522.5

Null Model Likelihood Ratio Test
DF

Chi-Square

Pr > ChiSq

2

77.70

<.0001

Type 3 Tests of Fixed Effects
Effect
Group
Time

Num Den
DF
DF F Value
1
1

22.1
22.8

28.17
1.21
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Pr > F
<.0001
0.2820

Criterion
0.00000000

T-Test for Control vs. Enriched for Natural E. coli and Enriched E. coli
The SAS System
The TTEST Procedure
Variable: y
group

N

Mean

Std Dev

Std Err

Minimum

Maximum

C
E
Diff (1-2)

6
6

10.9053
718.4
-707.5

5.7588
21.0013
15.3984

2.3510
8.5737
8.8902

5.3952
695.9

17.4974
757.0

group

Method

Mean

C
E
Diff (1-2) Pooled
Diff (1-2) Satterthwaite

95% CL Mean

10.9053 4.8618 16.9488
718.4
696.3 740.4
-707.5
-727.3 -687.7
-707.5 -729.5 -685.5

Std Dev

95% CL Std Dev

5.7588
21.0013
15.3984

3.5947 14.1241
13.1092 51.5081
10.7591 27.0231

95% UMPU CL
Method
Std Dev

group
C
E
Diff (1-2)
Diff (1-2)
Method

3.3971 12.9469
12.3886 47.2151
10.4461 25.9681

Pooled
Satterthwaite
Variances

Pooled
Equal
Satterthwaite Unequal
Cochran
Unequal

DF
10
5.7477
5

t Value
-79.58
-79.58
-79.58

Pr > |t|
<.0001
<.0001
<.0001

Equality of Variances
Method

Num DF

Den DF

F Value

Pr > F

Folded F

5

5

13.30

0.0130

47

T-Test for t0 vs. t7 for Natural E. coli and Enriched E. coli
The SAS System
The TTEST Procedure
Variable: y
time

N

Mean

t0
t7
Diff (1-2)

6
6

374.3
355.0
19.2760

time
t0
t7
Diff (1-2)
Diff (1-2)

Method

Mean

Pooled
Satterthwaite
time

Method

Std Err

Minimum

Maximum

392.6
382.6
387.7

160.3
156.2
223.8

14.4024
5.3952

757.0
709.2

95% CL Mean

374.3
-37.7498 786.3
355.0
-46.5503 756.6
19.2760 -479.4
518.0
19.2760 -479.5
518.0

Method

t0
t7
Diff (1-2)
Diff (1-2)

Std Dev

Std Dev
392.6
382.6
387.7

95% UMPU CL
Std Dev
231.6 882.7
225.7 860.3
263.0 653.8

Pooled
Satterthwaite
Variances

Pooled
Equal
Satterthwaite Unequal
Cochran
Unequal

DF

t Value

Pr > |t|

10
9.9934
5

0.09
0.09
0.09

0.9331
0.9331
0.9347

Equality of Variances
Method

Num DF

Folded F

5

Den DF
5

48

F Value

Pr > F

1.05

0.9563

95% CL Std Dev
245.1
238.8
270.9

963.0
938.5
680.3

T-Test for Control vs. Enriched for T. pyriformis and T. pyriformis fed enriched E.
coli
The SAS System
The TTEST Procedure
Variable: y
group

N

C
6
E
6
Diff (1-2)
group

Mean

Std Dev

Std Err

23.1290 12.9899
137.4
49.5640
-114.2
36.2307

Method

C
E
Diff (1-2) Pooled
Diff (1-2) Satterthwaite

Minimum

Maximum

10.5762
87.9664

47.0002
194.2

5.3031
20.2344
20.9178

Mean

95% CL Mean

23.1290
137.4
-114.2
-114.2

9.4969 36.7611
85.3414 189.4
-160.8 -67.6188
-166.1 -62.3440

Std Dev

12.9899 8.1084 31.8592
49.5640 30.9382 121.6
36.2307 25.3150 63.5824

95% UMPU CL
Method
Std Dev

group
C
E
Diff (1-2)
Diff (1-2)
Method

Pooled
Satterthwaite
Variances

Pooled
Equal
Satterthwaite Unequal
Cochran
Unequal

7.6627
29.2377
24.5786

29.2039
111.4
61.1001

DF

t Value

Pr > |t|

10
5.6837
5

-5.46
-5.46
-5.46

0.0003
0.0019
0.0028

Equality of Variances
Method
Folded F

Num DF Den DF F Value
5

5

14.56
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95% CL Std Dev

Pr > F
0.0106

T-Test for Control vs. Enriched for C. steinii and C. steinii fed enriched E. coli
The SAS System
The TTEST Procedure
Variable: y
group

N

Mean

Std Dev

Std Err

Minimum

Maximum

C
E
Diff (1-2)

5
6

22.2693
117.5
-95.2021

7.1836
25.3350
19.4814

3.2126
10.3430
11.7966

10.1074
93.3883

28.1882
162.7

group

Method

Mean

C
E
Diff (1-2) Pooled
Diff (1-2) Satterthwaite

95% CL Mean

22.2693 13.3497
117.5
90.8839
-95.2021 -121.9
-95.2021 -121.8

Std Dev

31.1889 7.1836
4.3039
144.1
25.3350 15.8143
-68.5164 19.4814 13.4000
-68.6384

95% UMPU CL
Method
Std Dev

group
C
E
Diff (1-2)
Diff (1-2)
Method

4.0153 18.4404
14.9451 56.9582
12.9700 34.0090

Pooled
Satterthwaite
Variances

Pooled
Equal
Satterthwaite Unequal
Cochran
Unequal

DF

t Value

Pr > |t|

9
5.9422
.

-8.07
-8.79
-8.79

<.0001
0.0001
0.0004

Equality of Variances
Method
Folded F

Num DF Den DF F Value
5

4

12.44

50

95% CL Std Dev

Pr > F
0.0300

20.6424
62.1370
35.5655

T-Test for t0 vs. t7 for T. pyriformis fed 15N-enriched E. coli
The SAS System
The TTEST Procedure
Variable: y
time

N

t0
3
t7
3
Diff (1-2)

Mean

Std Dev

Std Err

Minimum

Maximum

93.2961
181.4
-88.1189

8.5016
15.6679
12.6047

4.9084
9.0458
10.2917

87.9664
163.9

103.1
194.2

time

Method

t0
t7
Diff (1-2)
Diff (1-2)
Method

95% UMPU CL
Std Dev

Pooled
Satterthwaite
Variances

Pooled
Satterthwaite
Cochran

4.4264
8.1576
7.0456
DF

Equal
Unequal
Unequal

53.4300
98.4683
32.3566

t Value

4
3.0838
2

-8.56
-8.56
-8.56

Pr > |t|
0.0010
0.0030
0.0134

Equality of Variances
Method
Folded F

Num DF
2

Den DF
2
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F Value
3.40

Pr > F
0.4549

T-Test for t0 vs. t7 for C. steinii fed 15N-enriched E. coli
The SAS System
The TTEST Procedure
Variable: y
time

N

Mean

Std Dev

Std Err

Minimum

Maximum

114.8
120.2
-5.4146

13.9446
37.2588
28.1307

8.0509
21.5114
22.9686

106.0
93.3883

130.8
162.7

t0
3
t7
3
Diff (1-2)
time
t0
t7
Diff (1-2)
Diff (1-2)
Method

Pooled
Satterthwaite
Cochran

Method

95% UMPU CL
Std Dev
7.2604
19.3991
15.7240

Pooled
Satterthwaite
Variances
Equal
Unequal
Unequal

87.6380
234.2
72.2121

DF

t Value

Pr > |t|

4
2.5495
2

-0.24
-0.24
-0.24

0.8252
0.8313
0.8356

Equality of Variances
Method
Folded F

Num DF Den DF F Value
2

2

7.14
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Pr > F
0.2457

Appendix E: T-test results from data analysis tool in Microsoft Excel
t-Test: Paired Two Sample for Means
Natural E. coli at t0 and t7
Variable 1
16.08042857
2.445847
3
-0.329456109
0
2
10.49401443
0.0044794
2.91998558
0.0089588
4.30265273

Mean
Variance
Observations
Pearson Correlation
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Variable 2
5.7302
0.118209
3

t-Test: Two-Sample Assuming Unequal
Variances
T. pyriformis control at t0 and t7
Variable 1
Variable 2
22.88242857 23.37553333
2.094573 419.5678253
3
3
0
2
-0.041592726
0.485301106
2.91998558
0.970602213
4.30265273

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
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t-Test: Two-Sample Assuming Unequal
Variances
Natural E. coli fed to T. pyriformis at t0 and t7
Variable 1
Variable 2
47.50142857
56.9492
34.562749 1393.152217
3
3
0
2
-0.433081118
0.353593843
2.91998558
0.707187686
4.30265273

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

t-Test: Two-Sample Assuming Unequal Variances
C. steinii at t0 and t7
Variable 1
17.46042857
108.133218
2
0
1
1.056043853
0.241325624
6.313751514
0.482651249
12.70620473

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
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Variable 2
25.4752
10.598539
3
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